Onchocerca volvulus infection has been associated with impaired cellular responses to parasite antigens, an impairment that may also extend to nonparasite antigens. To investigate the mechanism of this impaired immune response, the effect of concurrent O. volvulus infection on the immune response to tetanus toxoid (TT) following tetanus vaccination was studied. The proliferative, cytokine, and antibody response to TT of O. volvulus -infected subjects (n Å 19) and comparable noninfected controls (n Å 20) were studied before and 6 months after vaccination with TT. Following vaccination, antibody levels, proliferative responses, and levels of interferon-g were significantly greater in noninfected subjects (P õ .05, .001, and .05, respectively); however, infected subjects produced interleukin -10, but noninfected controls did not (P õ .001). These studies indicate that concurrent infection with O. volvulus can diminish the immune response to an unrelated antigen (TT) by a mechanism that is likely to involve interleukin -10.
Human helminth infections, which infect Ç3 billion people demonstrated that concurrent helminth infection leads to the production of type 2 cytokines in response to antigens that worldwide, may have profound effects on the health and social development of infected children, including impaired cognition usually stimulate the production of type 1 cytokines [9011] . The occurrence of a similar phenomenon in humans is un-[1], growth stunting [2] , and nutrient deficiencies [2] . Among these helminth parasites is Onchocerca volvulus, the causative proven, although an impaired immune response to mycobacterial antigens [12, 13] and various vaccines has been reported agent of onchocerciasis or ''river blindness,'' which because of its chronicity and large parasite antigen burden has consein persons infected with both filariae [14] and schistosome [15, 16] helminths. quences that appear to bias the parasite-specific adaptive immune response.
The demonstration of impaired immune responses to nonparasite antigens is likely to be of great public health importance, Helminth infections, particularly filarial infections like onchocerciasis, are associated with cellular responses to specific because an inappropriate immune response might increase susceptibility to infection with microparasitic pathogens, might parasite antigens characterized by poor lymphocyte proliferation [3, 4] , impaired production of Th1 cytokines (e.g., interalter the natural history and clinical presentation of the resulting disease, or might fail to provide adequate protection to vaccinferon [IFN)-g]), and a relatively enhanced production of Th2 cytokines (e.g., interleukin [IL]-4 and IL-5) [5, 6] . This lack ees. The present study, therefore, was designed to assess whether of proliferation and IFN-g response may be related to the production of the regulatory cytokines IL-10 and transforming infection with O. volvulus would alter the immune response to a soluble protein antigen (tetanus toxoid [TT]) following growth factor (TGF)-b, which may be produced in significant amounts by circulating lymphocytes from subjects infected vaccination. with filarial parasites [7, 8] and which may serve to limit the pathology associated with these chronic parasitic infections.
Materials and Methods This antigen-specific acquired cellular hyporesponsiveness may also extend to the cellular response to nonparasite antigens.
Study population. The study was conducted in communities
Experimental animal models of infection with helminths have along the Rio Cayapas in the Santiago River Basin of Esmeraldas Province, Ecuador. All study participants were adult volunteers. O. volvulus-infected subjects were recruited from communities where the infection is hyperendemic [17] . Noninfected subjects JID 1998; 178 (October) Sample collection. Infection status was determined by microchusetts Public Health Laboratory) at a concentration of 0.56 Lf units/mL in carbonate buffer (0.045 M NaHCO 3 -0.02 M Na 2 CO 3 , scopic examination of skin snips for the presence of O. volvulus microfilariae. Skin snips were obtained by use of a corneoscleral pH 9.6) overnight at 4ЊC. Dilutions of plasma samples in ELISA diluent (1% bovine serum albumin and 0.05% Tween 20 in PBS) punch from both iliac crests and incubated in saline for 24 h before examination. Skin snips negative for the presence of microfilariae were added, and the plates were incubated at 37ЊC for 2 h. The plates were then incubated with alkaline phosphatase-conjugated were tested for the presence of O. volvulus DNA by use of a highly sensitive and specific polymerase chain reaction (PCR)-based goat anti-human IgG Fc (Jackson ImmunoResearch, West Grove, PA) for 2 h at 37ЊC. Plate development was done with p-nitropheassay as previously described [18] .
A subject was classed as parasitologically negative if skin snips nyl phosphate in sodium carbonate buffer. Plates were read on a microtiter plate reader, and unknown values were interpolated from were negative by microscopic examination and by PCR before vaccination and at 1, 3, and 6 months after vaccination (after the standard curves prepared using a World Health Organization reference serum (Statens Serum Institute) and expressed as international second vaccine dose). The following samples were obtained before and 1, 3, and 6 months after vaccination: (1) 20 mL of venous units per milliliter. Protective levels of tetanus antitoxin were defined as those exceeding 0.15 IU/mL [21, 22] . The sensitivity of blood was collected into heparinized syringes for plasma, peripheral blood mononuclear cell (PBMC) proliferation, and cytokine the assay was 0.01 IU/mL. Statistical analysis. Skin infection intensities are expressed as assays; (2) thick and thin blood films were stained with Giemsa (Sigma, St. Louis) and examined for the presence of malaria; and the geometric mean number of microfilariae per milligram of skin. For normally distributed data (after log transformation-all prolif-(3) stool samples (preserved in 10% formaldehyde and saline) were examined for the presence and quantitation of intestinal heleration and antibody results), comparisons of means from independent samples were calculated using Student's t test, and compariminth eggs and larva by use of the formol-ether concentration method as previously described [19] .
sons of paired data were calculated using a paired t test. For non-normally distributed data (all cytokine results), independent PBMC proliferation assays. PBMC were isolated by centrifugation on lymphocyte separation medium (Organon Teknika, Dursamples were compared by use of the Mann-Whitney U test, and paired data were compared by use of the Wilcoxon matched-pairs ham, NC). The cells were washed and plated onto 96-well flatbottomed tissue culture plates (Corning, Cambridge, MA) at 2 1 signed rank sum test. Confidence intervals for non-normally distributed data were calculated by use of the Wilcoxon signed rank helminths Ascaris lumbricoides, Trichuris trichiura, Ancylosused for detection of all cytokines as previously described [20] .
toma duodenale, and Strongyloides stercoralis did not differ
The sensitivities of the assays for IFN-g, IL-4, IL-5, and IL-10 significantly between the 2 study groups (table 1). were 39.1, 9.8, 3.9, and 39.1 pg/mL, respectively. (table 2) induced by PPD were produced by both subject groups, and there were no changes from baseline at each of the observation times. Both groups produced similar amounts of cytokine in response to PPD at each study time. IL-4 production was more variable among subjects in both groups (table 2) ; however, at all the observation times, most subjects in both groups were unable to produce IL-4 in response to PPD stimulation. Similarly, in both groups at all study times, negligible levels of IL-5 and IL-10 were produced in response to PPD. Cytokine production by TT-stimulated PBMC. The cytokine responses to TT are shown in table 2. PBMC from noninfected subjects produced more IFN-g before (P Å .04) and at 6 months after (P Å .03) vaccination than those from infected subjects. Levels of IFN-g increased in both noninfected and infected study groups following TT vaccination (P Å .02 and P Å .02, respectively), but by 6 months, the levels in the noninfected group were 7-fold greater than those in the infected group.
PBMC proliferation to PPD and TT. Because cellular re-
Negligible levels of IL-4 were produced by TT-stimulated PBMC before vaccination, and these levels increased after vaccination, although there was considerable interindividual variation. Likewise, negligible levels of IL-5 were seen before vaccination, and increases in IL-5 production were seen in both study groups after vaccination (P Å .02 and .01 for noninfected and infected groups, respectively). In contrast to what was seen with IFN-g, levels of IL-10 in response to TT (negligible before vaccination in both groups) increased dramatically in PBMC from infected subjects after vaccination, whereas there was no IL-10 produced in the noninfected subjects. The difference between levels of IL-10 in the 2 groups at the 6-month time point was highly significant 
IFN-g response to TT in the infected subjects.
TT-specific antibody levels. Prevaccination levels of TT-specific IgG antibodies were not significantly different beand noninfected subjects in the study communities [23, 24] tween the noninfected and infected groups (figure 2A). The and PBMC proliferation and cytokine responses to this antigen proportions of subjects with protective antibody levels (e.g., would not be expected to change significantly over the observa-ú0.15 IU/mL) at baseline were 55% (11/20) in the noninfected tion period, PBMC blastogenic responses to PPD were comgroup and 68% (13/19) in the infected group. This proportion pared with those induced by vaccination to TT. There were no increased to 100% in both groups by the 3-month observation; significant changes in proliferation by PPD-stimulated PBMC by 6 months after vaccination, levels had fallen below 0.15 over the observation period in either infected or noninfected IU/mL in 1 noninfected subject (5%) and 2 infected subjects subjects ( figure 1A) . Likewise, there were no differences in (11%). Following vaccination, antibody levels increased in PPD -induced proliferative responses between the 2 groups at both groups ( figure 2B ), although at all time points, the percent each of the observation times. PBMC blastogenesis to TT (figincrease over prevaccination levels was greater in the noninure 1B) was negligible in both study groups before vaccination fected group. IgG levels were maximal at 3 months after vaccibut increased significantly in the noninfected (P õ .001) and nation in both groups. At 6 months, but not before vaccination, infected (P õ .05) groups following vaccination; however, levels of TT-specific IgG were positively correlated with the increase in proliferation was significantly greater in the PBMC proliferation to TT (r Å .405; P õ .05) and negatively noninfected group, and by 6 months after vaccination, PBMC correlated with IL -10 levels (r Å 0.554; P õ .01). proliferation was on average 6-fold greater in noninfected comDiscussion pared with infected subjects (P õ .001).
Cytokine production by PPD-stimulated PBMC. Median Human helminth infections with filarial and schistosome parasites have been associated immunologically with an alteration levels of IFN-g, IL-4, IL-5, and IL-10 produced by PPD-stimu-/ 9d52$$oc16
08-07-98 20:33:19 jinfal UC: J Infect NOTE. Data are median cytokine levels (pg/mL) and (95% confidence intervals).
in the balance between type 1 and type 2 cytokines in response and to identify the probable mechanism -that is, that this impairment is related to the antigen-specific production of IL-10. to parasite antigens. A number of mechanisms have been proposed to explain this phenomenon, including tolerance (thymic IL-10 has many immunomodulatory properties, including the inhibition of both type 1 and type 2 cytokine production or peripheral) [25, 26] , direct suppression by parasite antigens [27] , and the elaboration of counterregulatory cytokines, such by T cells [6, 31] . IL-10 can also suppress the production of proinflammatory cytokines (e.g., tumor necrosis factor-a) by as IL-10 or TGF-b [28] .
It has been speculated that this polarization in the immune monocytes, block antigen-specific T cell responses by downregulation of costimulatory molecules on antigen-presenting response seen in helminth-infected humans might also affect the immune response to nonparasite antigens, although there cells (APCs) [32] , and induce a long-lasting antigen-specific anergy in peripheral T cells [33] . Evidence suggests that the has been very little evidence to support this. Several studies have shown diminished antibody [29, 30] or skin delayed-type cellular hyporesponsiveness described in active filarial infections may occur through the production of IL-10, because hypersensitivity [14] to TT in O. volvulus -infected populations, but this is the first well-controlled longitudinal study to PBMC from persons with filarial infections produce significant amounts of IL-10 both spontaneously and on stimulation with demonstrate a similar defect in the systemic immune response [7, 23, 34] . Further, the addition of antiviously [29, 30] . The reason for this is not clear but may be associated with a depression of the T cell helper function re-IL-10 neutralizing antibodies to parasite antigen -stimulated cultures partially restores cellular proliferation and increases quired for optimal antibody production in the presence of IL-10. production of IFN-g to levels near those seen in control groups [6, 34] .
Systemic cellular responses to PPD were unaffected by O. volvulus infection in this study, and similar findings have TT is an efficient immunogen, which, following vaccination, induces long-lasting immunity [35] . TT is a T cell -dependent been described previously [23, 24] . In contrast, studies of delayed-type hypersensitivity have shown reduced responses to antigen that requires presentation by APCs and that activates T cells in a clonal fashion. Most TT-specific T cell clones tuberculin in O. volvulus -infected populations compared with control populations [12, 13, 29, 30 ]. An explanation for this generated from human PBMC produce both IFN-g and IL-4 (e.g., a mixed cytokine or Th0 phenotype) [36, 37] ; this paraldiscrepancy lies in the tissue distribution of the parasite. In onchocerciasis, microfilariae are restricted to the skin and sublels the findings in the present study, in which increases in the production of both type 1 (IFN-g) and type 2 (IL-4 and IL-5) cutaneous tissues, and this distribution would likely result in an immune response restricted to the affected tissues and draining cytokines occur after tetanus vaccination. The characteristic Th0 phenotype may explain the highly responsive humoral [38] lymphatics, where microfilariae die and are destroyed in large numbers [43] . Because of this compartmentalization in the imand cellular responses seen in vaccinated subjects.
At the prevaccination observation time, the cellular immune mune response, an antigen encountered in another compartment (e.g., Mycobacteria species in the respiratory mucosa) is unresponse to TT was poor in both groups and was associated with low levels of IFN-g and negligible levels of IL-4 and likely to be influenced by parasite-specific immune responses. Therefore, systemic responses to mycobacterial antigens, for IL-5 (table 2). Tetanus vaccination boosted this response in both groups, but the poor response in the infected subjects example, are unlikely to be affected, while local responses in the skin (e.g., delayed-type hypersensitivity) may be procould be explained by the induction of IL-10 -secreting TT-specific T cells in an IL-10 -rich environment. The producfoundly suppressed.
We have demonstrated that concurrent infection with a hution of high levels of IL-10 by PBMC from O. volvulus -infected subjects -either spontaneously or in response to parasite man helminth, O. volvulus, is associated with an impaired immune response to the exogenously administered nonparasite antigens -might have two possible consequences: tolerance of TT -specific T cells and active suppression by secretion of antigen TT, which is characterized by impaired antibody, cellular, and cytokine responses and which is associated with the IL -10 by TT -specific T cells.
In the first case, high constitutional production of IL-10 in antigen-specific production of IL-10. the tissues at the sites of parasite sequestration (e.g., the skin and subcutaneous tissues) might induce antigen-bearing APCs
